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‘1’hc l’lanclary  lntefyatd Call] c~ra-S}3(’ctro]]lctcl,
1’1(’S, is an hi@lly  integratd sensor syskm  whicl]
}X’rfoms the f u n c t i o n s  of t h r e e optical
instruments: a mar in frard (11<) s}o[’et]’[)]llc’t(’r, a
~~isil>]~~  imap, in~, camera , and an ultraviolet (lIV)
spectrometer. lntcgyation  serves to minimim  the
I)lFlss and power required to operate a com}>lex
sllitc of instruments, and automatically yields a
c(~]ll}~]cll{’llsi~~c data set, optimind for mrrelativc
analysis. ‘J’his approach will be useful for deep
space missions such as l’]uto Ilxprcss  and will

1a so cnab]e Galileo/Cassini class rmlote
o b s e r v a t i o n s  of any object  within  thr %lar
System. III our baseline  concept, a sin~lc scl of
li~htwci~hl lllllltilval’clell~tl] fmmptics  is shard
by a UV imaging  spcctl  mnctcr  (80 s p e c t r a l
channels 70-1.50 rim), a two-CCl)  visible ima~ing
systcm (shuttmd  in two colors 300-500 nm arid
5 0 0 - 1 0 0 0  nJn), and a  n e a r - l ] <  ima~ing

s}occtro]nctcr (256 spectral channe]s
130[L2600  rim). ‘1’hc mtirc  strllcture, incluclil]~ its
optics, is built from silicon carbide (Sjo for
thermal and dimensional stability. in addition,
thcw arc no Inoving parts and each spectmmctcr
covers a sin@c  octave jn wavelmgth.  A separate
port is provicld for mcasuremmt  of a UV solar
occultation and for spectral radiance calil>raticm
of the 11< and visible subsystems. ‘1’he inte~rated
scirnce that the 1’1(S will yield meets or cxceds
all of the l’riority-l  A scicncc objcctivcs, and many
l’riorjty-11] scicmcc objectives as well, for the
l’]uto IIxprcss  Missjon.  This paper p r o v i d e s
dckails of the 1’1(’S instr[lmcmt  clesi~n,  fabrication
and tcstinS,  both at the sub-assembly and the
instrummt  level. in all tests, including optical,
tllcrnial \7ac11um,  and stlllctt]ral/dy]]alllics,  t h e

I’ICS h a r d w a r e  p r o t o t y p e  met or cxcwdd
fl]]lctional rcquiremcmts.



1. TJll{ 1}1(3  CONCIIIT

‘1’hc l’lanetary  lntegratd (lal~lera-S}>ectrc)  l]l[’trr,
I’ICS, is a sensor  system t h a t  c o m b i n e s  tllc
fllnctions  of three optical instmmmts:  a mar
infrared (11<) spcctromctcr,  a visible ima~ing
Came’ ] ’a , and an ultraviolet (l IV) spcctromctcr.
‘1’his intcfyatecl approach will be useful not only
for deep space missims, such as l’luto I lxprcss,
but will enable remote  optical olmnaiions of any
object within our solar system. lntcyyation  serves
to minimim  the mass and power required to
operate a comp]cx suite of instruments and yields
a data set optimind for correlative anilysis.
‘h’ design o f  tlw PICS was l~as~~ 011 a  sot of
obsuvational  scqumces  for the UV, visible, and
11< channc]s, which met the science 1 A objedivcs
for a f l y b y  of 1’luto/Charm~.  A sinp)c SCIISCW
:;ystcm was designed, housing all three channels,
~~litl~ s]~ar~~ l~~~ll]~al~cics i n  the intcgratd
clccironics.  This integrated approac]]  results ili a

rduction in mass, power, and volume of 15 N)x
compared  to Voyager, while leading to an iflcrmr

in smsitivity  of 10- 1000x. Moreover, it improves
rc]iability and results in substantial cost savinss
in manufacture, integration, test, and operations.

l]om the outset,  t h e  o b j e c t i v e  o f  the I’ICS
ap})roach was to simplify the systcm as well as to
minimize tlw mass and power of the instrument
by maximi~.  ins the level of its inte~ration.  That is,
~,]~~r~~,~r p[)ssi[~]e, tl~p illstrtlmcnt’s fOllr channe]s
w~)~ll~ ~ls~ CX)Il~lllOIl  {)ptics and c’lcctronic sisnal
paths. “1’bus, a sin~lc primary minor was usccl for
all wavelen~ths,  a v o i d i n g the need f o r
duplication of this hi@ mass clcmcnt.  The ned
for a si~nal-to-noisr  ratio of 100:1 in tlw il~frarc~
and visible channe]s mandatd the choice of a
prim a ry aperture  of 10 cm diameter. At this
cliamctm, 1’1($ performance will bc limitd by the
background (not tlIC) instrument). l;or the 11<
clctm[ors,  which require cooling to s-9(IK, the
clrtectw and its radiator were clesi~ned to form a
mechanically intcgratd subasscmloly. 3’llc optics
wc~t. ~~sig]~~d to avoid the need for a focusing
subassembly. A onc octave limit was accepted on
the I ange o f  each sp~ctr~met~rr  sil~~}JlifYil~~
design and a~’oicling  the nd for sorting filters.
‘J’]~c ]’](’S illstrumrnt }mramcters  arc summarind
in ‘1’able 1. The dmign performance of the I)lCS
instrument as a function of wavelength over the
combined UV, visible, and near 11< spectral ranfp
is illustrated ill l;jgurc 1.

‘1’abl(!  1. 1’1(:s l’cd-orlnancc l’al”amctc’rs.

Wavelength Range
Aperture diameter
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I’/#f
Iktcctor  Array Size
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Other cmsiraints were acloptd in Iw2ping wi th
t h e  nature  of the  miss ion i tse l f .  q’hc I’ICS
instrument will have to maintain its integrity over
a wide ranp,c of temperatures, from 280K near the
IJ,arth to 40K-60K at 3(I AU from the Sun. It w7as
necessary to choose a structural material that was
dimensionally and mechanically stab]r mm time,
chemically nml-rcaclivc , structurally strong, al~d
l~~all{lfactllralole.  llasd on these rfxfuimncnts,  it
was ~CCjC]CCl that lhc entire ins t rument ,  StrLl(’f LJl”C

ancl o p t i c s , would bc made of Silicon Cal bicic,
SiC.

‘! o achieve the necessary lm7cl of integration, I’ICS
was clesignd to su}prt an intcgratd tinwlinr,
that is, onc in which data collection is optimind
when the channels arc operated in a time
multi}  >lcxd fashicm, with only onc of tlw foul
c h a n n e l s  c o l l e c t i n g  data at any one t i m e
Tl)c single signal  chain (with a rcdunclant,
powcwcl-off  si~nal chain available for incrcasd
reliability) rcclllces the power required to run the
detcdors.  This feature proctucm a c[~]~~}>]ellc]lsi\’[’

mission data set and enab]cs mission planners to
make thr greatest usc of the fcw precious hours of
planetary  flyby  ancl avoid the s e q u e n c i n g
p~+lcms of earlier missions, such as Voyafyv and
CIall]co.

‘j ‘]IC validation of the I’lC.S loW7-]nass, 10W-pOWCr
concept was achicvd by the fabrication and
lestins of hardware  breadboards .  Optical
perfornlancc tests were conducted which
validated that the brcarllmarcis met functional
spc!cification for all channc]s across the full range
of expected tllwmal conditions. Thermal and
vil>ratio]~a] tests were pcrformc>cl  tO S110W7  that
cnvirmmcntal  conditions normally cncountcrcd
durillfi launch and cruise  would not clcgraclc
performance. ‘1 ‘hcse tests were dcsignccl to focus
on ancl cmphasi7c  the lli~ll-tccll])[)]{)gy aspects of
t]”~c 1’](:$ cmcvpt.  Analysis of the rc’su]ts S11OU7S
that all optical, thermal, and structural properties
fall within clcsign specifications. lili~ht testing of
a 1’ICS  prototype is plannccl as part d the New
Millmnium  l’rogram 1X-1 Mission.
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2 .  01’1’lCA1,  SYS~’l\M

‘J’hc  1’ICS o}>lical system consists of a tm70-color
calllcra,allillfrarcd  illlagil~g s}~cctr[)ll~cter,  al]d an
ultravic)lct imagins  s}wctmnetcr.  These systems
share a sing]c  off-axis Gregorian tclmwopc as
shown in l;igum  2. The two camera systems
occu}>y the same field }msition; the s}wctrmndcr
fields arc acljacmt to the cameras.

Tdmco/2(’  s~ysfml. q’hc ~mimary  and secondary
mirrors fm the tclmco}w are off-axis sections of
rotat ional ly  symmetr ic  as~>heres,  to enable
fabrication by diamond turning m7ith ~)ost-
}>olishinc. An advantage of the off-axis telesco]>c
dcsisn is that it }Jroviclcs  belter  image co]]t 1 ast
than on-axis dmigns  in which an obscuring
secondary mirror  contrib~ltcs diffraction and
s c a t t e d  li@t. in the UV s}wctrmmter  channe],
li~ht from the }wimary mirrm is focused directly
onto the UV entrance  slit. “1’here is, thmefore,  only
oJle reflection }wior to mterinc the s]wctmmetcr.

The o f f - a x i s  UV sJJc’c(romctcr  utilixles an
aloe’rrati[~ll-cc)lrccted toroicial  diffraction gratinc.
A fold mirror reflects tl~cI fields for the visible
camera ancl i n f r a r e d  s~)ectrometer  t o  a n
al~ll~~il~tllll-coated scccmdar}7 mirror.

(:fltlll’m S!ystrlll. l’hc  light f r o m  the telesco~w
secondary is folded across the telcsco})e to the
focal ~Jlanc a s s e m b l y ,  m711err  two C.C.IX are
locatd. ‘J’here a clichmic  Iwanqolitter  cube s}>lits
the light to the two focal }V]anes.  ‘1’wo  f ie ld
flat !cning lenses in front of the CO) focal Planes
correct the telesccqw’s field curvature. Raytracc
results show that cliff raction-limitd  }m’formancc
is achicvcd over both CO> ficlcts of view.

l?l,jnln’d i]]]fisillg  S] J(V/NJH/C/(V’, ‘1’hc  infrared
ima~in~ spectrometer slit is off-axis with respect
to the CC] I fields (J;igure  2). “J’his mab]cs  the light
for the infrared imaging s}mctrmnder  to be s~~lit
o f f  after the clichroic cube by a smal l  mirror
(a small aluminind ]Irism bonded to the cube)
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lllirm)iolct  iflfogillg  spc!mf}IdPr.  ‘J’hcI  I)(I[YJ f o r
s~lffirimt system rc~flcclallce in the far ultraviold
s}wctmncim  w7as the major drivm in dcvclo})ins
i ts  clcsi~n ccmfiguration, l+asonablc rcflectanm
was achi(wd by sharins  only one rcflcdirm with
the othm systems, namely the tclcsco~w }>rimary
mirror, which is }Jlatinum-coated  to }mn7iclc  for
ultravio]ct rcflcctancc. 2]]Q grat ing in  the
ultraviolet s}wctromcter is silicon carbiclc coated
to Provide good r e f l e c t a n c e .  ‘ 1 ’ b u s ,  the
UV s}>cctromcter  design  utiliyes o n l y  t w o
rcflrctivc  elements: the }wimary mirror and the
grating.

‘1’lKI toroiclal  crating  (1400 ~rocwcs/mm)  focuses
the ]i~ht onto an intcnslflcd  CC’])  CIC’tWtOJ’.

The (’(l ) is of thr same ty~w as that used in the
visib]e channel to sim}~]ify data acquisition and
contro] c]cctronics.  ~’hc intensified K]) detector
consists of a single microchanne]  Plate (h4C1’)
cf)u]>lcd !0 a Phos}>hor  out}mt, which feds the
~<11. ‘1’hc toroiclal grating is l~(}logla]>llically
corrected  to minimim  stray light and }mduces a
f l a t  ima~c  plane on the MCI’.  Raytracc
J’WUltS S]1OW  S}Wt SiYCS  < ().1  JIIIN 0\7(’J th f{)~a]
}Ilal”lc’.

‘1’IK)  decision to couple the UV spectromclcr  to the
vis ible  and 11< channe]s  by sharing a single
})rimary mirror, rather  than by ming  a cmn}>ldcly
sr}mratc  LJV channe],  ~7as made to minimim  mass
and com})]exity a n d  t o  minimize }Jowc]
consum]~tion. Some cfficimcy  is sacrificed
l>~}ca~ls[) the ]3]atinum coating used cm the }Jrimary
mirror has smaller LJV rcf]ectancc  (by a factor
of :- two) than some othrr  materials (e.g., Sic).
1 10 WCVCI’, the large area of this mill or (wlatlvc
to that ~mssiblc by using a sc}>aratc UV channel)
more than com}xmatcs for the lower reflcdancc.

A n  imlmrtant as~wct of the UV s}-wctromctcl  is
[lr]vcn by the requirement that I)ICS observe tl~c
[)ccllltation O f  the  SUJ1 through l’ltlto’s
at rnos})lwre.  3’0 achim7c this, a small fold mir~ or is
usd to introduce sunlight into the main ielmco]w
l~call-l. ‘J’]lis mirrc~r limits the sunlight col]cctinfl
aJWI of the sfwctromder  so that saturation of the
clctcctors by the bright Sun is not a }oroblem.
M(mover, it enables  the alignment of the lJV
occultation }mrt w7ith rcs~wct  to the s~mcccrafl’s
hi{;h gain antenna, so that solar and r a d i o
occllltaiions can be observed sillllllta!~collsly.

?. . S3’l{UC’3”LJI{A1  , CX)N};IC;LJ1?ATION

‘1’hr structural configuration of 1’1<S, dcvclcI@
in collaboration with SSC; inc. of Waltham, Mass.,
is shown in ];igure 3. “1’he telcsco}w  h a s  a
triangular sha}xd  o@ical  bench housing the three

highly integratd  cqltical  systems. ‘1 ‘he triangular
construction offers leverage in achieving a lighter
and stiffer o])tical  bench, in which the off-axis
tclesco}w o}~tics (cwcc~>t  for the ]>rimary mirror
and sun}>ort }>ickoff  mirror)  and detectors
can be convmient]y  integrated and alir, necl
externally.

While all the optical elcmcmts  and detectors of the
lJV s]wctromcter  and visible camera  are mounted
clirectly on the 150K tclmco~w o~>tical bench, the
go K~]\~il~  infrared s}occtromcter is Packaxccl  iJ~ aJl
integrated clctcctor-radiator  assembly. ‘1’he
11< bench is rnountd to the telcsco}w  by means of
thrre }lrc-stressd  fiberglass band supports
}wovlcliJlg tllcrma]  i s o l a t i o n .  ‘J’hc fibcrfilass
su}qmr(s arc arranged in such a way that tile 11<
s}wctrometm’s  m]trance  slit is atlmmalind  (not
thermally conncctd) relative to the telcsco~w
o}>tical  bench,

Onc of the innovative features of the lJICX
telesco]w desi~n is in the use of m o n o l i t h i c
matcria J  Silicon Car bicic, SiC’, for both the
structural and the o~>tical elements, ‘J’he use of Sic
is an cmcrgin~  technology a}qmoach for future
instrilment design and it offers several important
advantages. l;irst, it has a high s~wcific stiffness,
allowing for thinner and lighter design.
Second, its o}>tical  }Jerformancc is equal to that of
glass, but with a much higher strength and
fracture toushncss. ‘1 ‘hid, it has good thermal
stability at cryogmic  tm~}wratures.  And fourth, it
has ~Jhysical stability over the mission lifetime.

‘J’lKI  entire telesccqw assembly is mountd onto
the warm clectrmics chassis cinematically by
means  of three Vcs}wl bi@s which also })rovicle
thwmal  isolation. ‘1’hc electronics chassis directly
under th[> telcsc{)}>c o}~tical bench ~~rm7iclcs  the
clct[~ctol electronics the shorlest  Possib]c  wiw
lmgth. ‘1’hc electronics chassis serves  as a
transition structure to the s~)acccraft  mounting
s~lrfacc.  Vibration and shock isolation will be
achicvd with commercial nlo(lnts using silicone
C’)astolncr.



4. ltAl>l AlrC)I{/lllfl’IiC;”l’C)l{  I$40LJN’1’ING

A multistage radiative coder best fits the mission
e n v i r o n m e n t  for l)l[S. ‘1’he detector  }mwer
dissi])atim  of this cooler is 10 milliwatts. ‘1’his
a})}woach }mwicles  an infusion of new technology
to IK’1}>  meet t h e ’  Sc’vcll’ m i s s i o n  c o n s t r a i n t s  of
}mwm, mass, and cost for outer ~>lanet  missions
such as l)]uto lix~)rcss. ‘J’his radiator is integrated
into  the instrumen{  design and not a se}>aratc
additional ccml}mnent. ‘1’he 11< detector raciiatins
surface is an outward facing com~mncnt of the
instrummt  cmclosure. ‘1’he o}>tical design  i s
c~llfi~llrc~d ill s~(ch a w7ay  t h a t  the 11< detector
mounts  directly onto the inner surface of the
I .~cliator. ‘1’he su]>}>ort s t r u c t u r e  for ihc
{~(’t(’clo]</radiator  subassembly is }~art of the
o]>lical bmch  and }~rovicles the necessary thmnal
isolation. ‘1’he configuration is such that the
cldector can be maclc  easily acccssiblr  for ~round

tcslinfi and Possible last minute detector
rc~~lacmwnt.  All non-radiating surfaces will be
covcrccl \4~ith multi layer i n s u l a t i o n  (h41 ,1) to
minimim radiative heat transfer.

‘1’he instrummt  is di\7idd into three tem}maturc
2,01)CS, each wit]) i t s  own radiator, to
accommodate the required Compollc’nt

tem}>eraturcs: these three z.ones include the
o]>tics,  the [’electronics, and the 11< detec tor
tcml~oc’rature  zones.

oplics lc))lprrf71zJre  zone.  ‘1’hc  o~~tics will be
maintaind at about 1 !NK to minimim  the heat
radiated from the o}>tical elements to the 11<
detector and to Provide a relatively cool
~)ackgr(~tll]d for the’ II< detector racliator. Along
with the o}>tical elements and ~C;Ils,  this
tenl]wraturc  mnc includes  the o~>tical bmch
structure. Since  there is l itt le or no h e a t

.—— —.. ————_. ——_——....— —.



dissi}>ation  in this y,onc, the t e m p e r a t u r e  w i l l  IX’
Jnaintaind by a bakmcc bdwcm tlw heat leakage
from the warmer clmlmnics  mnc and tlw heat
raciiatccl from the surlacc of the instrummt  facing
the }31andary  targd  body.

1 :lcc/rmlics lc~~~pmtum  zinc. ‘1’he e lec tronics  arc
maintaind  at 2?JOK to 270K. ‘1’hc clmtrmics will
lx’ ]nountcrl on a }Olatc locatd bctwmm the o~dica~
b e n c h  and the s~>acccraft.  “1’his Plate will be
thermally attachd to the warm electronics
radiator  which, in turn, is co})lanar with the
o})tical o}~cning and shares its field of v i e w .
I\ccatlsc the structure and the majority of the box
is includd in the o}>tics tcm]wratum mnc, the
clrctronics  and the Plate on which it is mmntd
Wi]l l>e ra~iativ~]y al~d c~lldllctivcly  isolatd frOlll
t h e  strwctuw  which is at the o}~tics z o n e
tcmpcva{ure. The tenlpmature of the electronics
Y,onc will be IwIcI to low levels to minimize lwat
lcakagr i n t o  t h e  other zones,  as well as to
minimim  the long term mltgassing ~mducts  that
cmlld Condense into colder o}~tics and dclcclors,

]1< Lkfrclor’  lrl)lpf’rflturr 20) Jr. ‘1’he  11< detector
s~llmssmnbly will be maintained at a tcm]mra! ure
of s90K by diwctly mounting to the 11< radiator
~,latc; the mtiw ~~latc w i l l  br moulltt’cl  to the
tclcsco}w  structure wiih a fiberglass l~ancl su]o}>ort
systcm  to minimim  heat c o n d u c t i o n .  “1’hc
attachment of the cold 11< ctctcctor /racliaior
sul>asscmbly  [o the 150K ol)tical  bmch forms a

5 .  IN’I’liGRAT1iI)  Ii] ,liCTRONIC3

‘J’hc  same signal chain serves all channc]s of the
1’IG instrument, o}wrating  scqucmtial]y. in this
w a y ,  the “CXCCSS  bag~a~c”  of dll}~licatd
e l e c t r o n i c s  f o r  each channel i s  a v o i d e d .
‘Nw clcctrmics for the visual, lJV, and 11< imaging
s(lbsystcms draw heavily u~mn J])] ,’s ex~mricmcc.
1 ]owcvcr,  state-of-the-art electronics ~~acka~ing,
]lyl)rjcls,  and ?Jatc a r r a y s  a r c  cm~~lcrycd tO
minimiyc mass and sire. ‘1’hc ~.MOS gate arrays
and ihc juclicims  selection of analog com]mncnts
rcduccs the }mvm  rcquircmmts.

‘1’hc I’IC.S functional block diagram is shoM71~  in

l;i~ure 4. ‘1’hrcc electronic modules Provide  the
control, timingr  and si~nal Processing rcqtlird by
the ilnaging subsystcm.  ‘1’hc lnstrummt  Control
and ln}Out/Out}ttlt  (100) module  h a s  Imcn
im]~lcmmtd in a CX40S  .gatc array .  ]ktcctor
timin S, integration control,  ddcctor readout,
commanci  and data interfaces  arc inl~>lcmmtcd
within the instrument  control functional block.
~~~1~ drive level t r a n s l a t i o n ,  b i a s ,  a n d
~orcal~~}~lificatiol]  arc }wovidccl by the Clock lhivc
((’l)) hybrid. ‘1’hrm Cl) modules arc rcquird: onc
for each C:<’l ) detector  in the two visible channels
and the lJV channel. ~lock buffering and
}01 caln}>lificat  ion for the 11< array is provided by a
cliscrctc  subset of the (1) electronics. Out}~ut
siSnals from the cldcctors  arc nlulti~~lcxd to the
VJCICIO  simal  rmcessor  hvbrid. ‘1’hc hvbrid module

two-staSc r~diativc cooler fo;  the 11< detector,
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sam]]ling }Jrior to digitizing the detector video
outlmt signal. ‘i’lw signal chain interfaces with a
low ]mwcIr analo~-to-digital  converter.

‘ 1 ’ 0  assu J-e missjon success, redundancy i s
designed onto the flight  imaging  subsystem
electronics. l)ower ~7ill be Provided by a clllal blls
system. ‘1’l]c focal ~~lane instnlments  (~~11 and
1 lgGl”l’c) will br ]Jartitioned  such that in the
event of a }mwm failure on one bus, at least two
CIf the i n s t r u m e n t s  will survive, A standby
~}mvverccl-down) C3 ) and 100 is incor}mratd to
}~roviclc  a backu}> ca}~ability  for the instrument.
If a f a i l u r e  occurs in the signal Pmccssins or
control, this backu]~ circuitry will bc turned on
and multi  }~lcxcd into the data }>ath. With the
backu}> cirmjtry  in o~wration, the i n s t r u m e n t
}wrformancc  will not be cmn}mmi  scd. in orclm to
meet science goals, d e t e c t o r  ~)ixcls will be
}~rocmsed at a 300 K} IY. rate. “1’hc electronics for
the instrllmcnts  requires less than 5.4 watts  at this
}woccssin$  rate.

6. INII’RARI;D FC)CA1,  I’I,AN1i

6.1 Requirements
‘J’he science requirements for the infrard imaging
s~wctrometm  channe] of the I’ICS instrument, and
the s{rict limits OJI instrument mass and sire,
im]msr sc\7cral difficult demands on the 11{ focal
Plane. ‘1’hcsr  demands includr:

cqmhilil!j,fm’  SNR>IOO i)l (?// Sped)’d CIm}lllels. “1’hc
extremely 10W7 levels of rcflcctd sunlight in the
outer %lar System, along, with the small tclcsco~x’
a}mturc, clcmancl a focal Plane with a hi@
quantum efficiency and ]ow read noise.

IIi<qh spfliifll ntrd s]mtrol nwdtiiiml.  The  need f o r
10 nm rcsolul ion wavelengths from 1.3 to 2.6 mm,
as well as =4 km grouncl s~~atial  rcsol~ltim  at
closest a}>}mmach, cm}olcd with the ~mshbroom
dc)si~n chosen for the imaging s}wctromctcr,
dcmancl  at least a 256 x 2.56 starins  II{ focal }~lanc.

Rndifllioff  llnrfftlcss. The major source of radiation
for a mission to the outer Solar System is not from
thf’ sun or tra}~~wd  radiation belts, but from the
s]>acccraft’s ]~llltol~illl~l-}>om~crcd I< ’l’C; }Jowcr
Ilnits. Current estimates are that the focal ~~lanc
array would be subjected to 2(1 krads on a journey
to l’lllto, mostly in thr form of R“I’G neutrons.

Reli7fi7)rly  //i,q// o)wmli)lcf  Irnlpf’mfurr. “1’hc s m a l l
m a s s ,  Imwer and volume  cnvclo}w  that PIG
mus{ fit into eliminates the use of active coolers;
small ])assive radiators must su~q~ly the coolins
ncdccl by the focal }Jlane. “J’hc IJIC;S integrated
cooler is dcsi~nccl  to }mm7idc 10 mwatt  cooling
at 90K, the lowest tcm}m-aturc  }>ractical  within
thr s~>acecraft constraints ‘1’0 allow the 11< focal
~tlanc array to have low dark current at these
tcm]>cratures,  the cutoff wavelength of the }Jhoto
diode array must be matched to the longest
wavelength of interest (2.6 }Imcters).

SftYJtI~ I/rriinSc 10 ;)HJVCII  11< foml pln~~c  nrrn!ys.  No
e x i s t i n g  Jocal }>lane COLl]d m e e t  all t h e s e
rcquircmcn{s, so a design goal was to base the
1’lCS 1 R focal Plane array on an existing design
and make as few modifications as neccssa] y to
fu’lfil] the instrument objectives.

6.2 Architecture

‘1’hc 1’1(’S  foca l  }~lanc rcaclout re}~rcsents  an
Cvollltionary advancement on the very succcssftll
N e a r  lnfrarccl Camera  a n d Multi-Object
S}>cctrogra}>h  (NIC;MOS-3) rcac]out  dcvclcJ@ by
the Rockwell Science Gmtcr,  ‘1 ‘homanc] Oaks, CA.
‘J’his focal ]olanc was crcatd for the NI(340S
instrument, a } lubb]e  S}3ace “J’clcsco]>c scmncl
generation rc}~laccmcnt ~~ackagc.  NICMOS-3 focal
}~]ancs, with 2.5 mm mtoff hflC”l’ diodes, have
been utili?cd  for several years now in fymlnd-
based  astronomical cameras at the world’s
lraclin~ observatories. ‘J’his cx}~cricncc, along with
continued  clevclo})mcnts  at Rockwell, }~rovidd  a
solid base for creatic)n  of a focal ~Jlanc design to
meet the stringent I’1C3  ~oals.

Ihc 1’1(S Jcaclout is based on s i l icon CMOS
circuitry. TIIC l’lC-NIC’h40S (1’IC.NIC’) die, unlike
the hll CMOS-3 readout, arc being fabricated at a
foundry with a radiation hard CMOS Process,
and the unit ccl] has been designed with radiation
hardness features. “1’hc 20 krad s}~ccification
im]msccl by the s}~acccraft  will be met easily b~7
the chosPrI C M O S  ]~rocess.  “1’y~~ical  sccl~arios
allow the focal }~lane to be “warm” (=300K) during
most of t hc voya~c, cxcc}tt for chcckm t }-wri ds.
‘J’his warming annca]s out radiation clama:,c  clue
t o  ionizing  }Jarticlcs, Vvithotlt degrading the
Pcrlormanm  of the focal ~)lanc array. Since the
instrument  will only be cold cturin~ the final
}~hase of the journey, the JJIH team antici~~ates
very little dc~raclation due to ioni~,ing radiation.



‘1’0 meet the high defect ivi ty  demanctcd for
reaching  SNR>I  00 with the small  dian~der
o}>tical systcm, a very low read noise is ctcwmct.
‘1’hc 1’IC’NIC’  achieves low read  l]oise
(: 30 clcclrons,  in]mt referred). in addition, an
as}wct d the NICMOS-3,  referred to as the “resd
anomal y,” has  been  e l iminated.  ‘1’he rcsmt
anomaly iJlvolvm  the instability of the mlt})ut
lCVC1  i m m e d i a t e l y  after  thr reset }~ulsc is
Icmrlvecl . “1’hc  PICNIC  ~lnit cell w i t h  one
transistor removed from the NIC3VIOS design, is
free of this anomaly,

‘1’his chan{;e bmefits the focal ~>lane in several
ways:  a ]owcr  read n o i s e  (modeld to bc
z-18 Electrons), greater o}wrating efficiency (no
clcacl time on useless reads),  and the o~)tion 0{
rcadinfi thr array uncorrclatd (cstimatd misr
100 c]cctrons), for situations where  long
ilitc~rations will Permit high SNR witho~lt C.] E,
yrmitting a reduction of two in the ctata stora~r
rcquircmmts.  ‘1’hc die yield is also enhanced by
the sim}~lcr unit cell architecture.

‘1’hc validation of lhc 1’1(’S low mass, ICW7 power
conce}~t  was achieved by the fabrication and test
of hardware breadboards. O}Jtical  lmrformancc
tests wcr~ conducted to validate that the
breadboards  mrt  functions] s}>ecifications.
‘1’hcmnal and vibrational tests were }wrformd to
show that cnvironmmtal conditions normally
encountered during launch and cruise would not
degrade }wrformancc. ‘1’he desi~n and testing of
l)rcadboarcls  w a s  l i m i t e d  b y  funding and
schedule constraints, 1 lence, only a selected sd d
clemmstrations  was }>lanncd. ~’lwse were selccteci
to test the high technology as}wcts  of the 1’1(3
Col”lcc’}ot  .

7 . 1  Objcctivcs

M[]ss. A Seal of 280(}  grams was establish fol
the mass of tllc o~~tical bench asscmb]y.  While
vwy ag~,ressive, this choice was not consictcrd
the ultimate that could be attaind,  but rather it
was consistent with, and bawd on, several factms
‘J’hesc include  the characteristics of {he silicon
carbide matmial as described abm7c (hi~h s}wcific
stiffness and thermal stability), the level of Prior
as WCI1 as ~>arallcl hardware ciemonstrations  and

Wmr~m}ZI  ~vrjlon}~n}~m. A goal of 1-2 waves (pcak-
to-valley at 0.63 microns) sinfje-}>ass transmittal
wavefront  was ado}~tcd  to demonstrate wavcfront
}wrf’ormance  as a function of tmqwrature.  ‘1’his
com]>romise  accuracy was chosen to Jwrmit
maximum use of automated finishing ]>rocmws.
‘IIIis accuracy at the antici]>atd  1.50K cqwrating
tmn]wratllrc  is adequate to ~>rovide  com})atibility
w i t h  the CC1) focal }Jlanc  a n d  s u f f i c i e n t
sensitivity to effects of the extended  thermal
range. It also Proviclcs a ]>athway to demonstrate
im}mvd m7avcfront  }wrfonnancc  at a lower mass
object ive.

7.2 Approach

Tlw two objectives stated above detcrmind our
a}>}> roach in the design and fabrication of the
}vrototy~m. “1 ‘he system concept em})hasimc]  the
tlmmal  and low mass considerations. ‘1’he same
matcria]  is usd for all  the ref]cctive  o~ltical
com]mnmts  and structural elcnwnts to }mn7ide
}Oassivc]y athermal system o}wration. A triangular
cage a~>}>roach ]Jrovidecl s e v e r a l  aclvantdgm:
minimum  mass  for  the degree  of s t i f f n e s s
}wo\7idd while  ~>ermitting  a c c e s s  t o  o~)tical
assmlblim  from mtsiclc  the structure. ‘1’his is an
im}mrtant consideration given the density and
sJIIall sim of the optical elements. Minimum
cross-sectional thicknesses consistent with
material  stiffness,  fixturing com}>lexity a n d
}worcss limitations were cm}>loyd.

Mass rduciion considerations also drove the
sclrdion of intcgra] mirror/ nlmlnt dcsiglls  for
many of the o}3tical  com]>cmmts.  Stlch a conce}>t
Pro\7ides l i g h t e r  wci~ht,  fewer and sim}~ler
intcrfaccs, and rducd sources  o f  alifymmt
crJ 0]. “1’h mounts were integrally fused m7ith the
mirl or substrates m7ith invar feet bonded  or
10] ax,cct to ~>rovictc interfaces to thrcadd invar
buttons on the structure. ‘1’hc latter were attachd
to the structura]  clmwnts  in a similar fashion.

Other dcsi~n and process ctccisions  for the I’lG
harclware  \47erc  driven b y  p r o d u c i b i l i t y .  l;or the

choice of a structural material, a form of the
silicon carl)iclc was chosen, which Prm7irld  a



high modulus  of elasticity while minimizing
brittleness and fracture toughness  limitations.
As}~hcric  substrates were fabricated to near net
sha}w a n d  t h e n  dc}>ositcd M7ith tmths-nf  -
millimeters of ~>urc s i l i c o n .  A s  sycialind
dcvelo}~mcmts  in the dqmsition tcchnolo~y,  a
diamond machining com}>atiblc  layer was
achicwd. ‘1’his  }mmitted a }mxision s tar t ing
}mint for renal, as}~heric  }mlishing o}mations  and
the  incor]ooration of }>recision geometr ica l
rcfcrenccs  into the mirror’s mechanica] featurm
for case of system alignment. Reflective coatinss
for the a}o~wo~wiatc  wavcbancls  wme then a]~}>liwi
to tlw o}ltically finishd silicon layer. lkcausc of
its IJSC as a 3-5 micron rcfracti\7e material, the
cOatin C of silicon is well understood witl~il~ tl~c
~]~tical illclustry, including cleaning pmcmm a~l~

dc}lositioll-colll}>ati  l>lc materials. “J’he thcmnal
m}~ansion cmfficimts of Si and Sic arc virtually
iclmtica].

“1’hc caw  of }mducibility also influencd t h e
sc]eclion  o f  the alignmmt design concc}>t.  i n
order to reduce  risk and maintain schdu]c,
cxtcndd r a n g e  of com}oonent  }msitional  and
attitude acljustmmt  were given Priority. A mass
]mwlty was }>aicl because of the rmllting sim and
number  of invar buttons  and s h i m s ,  but the
v a l i d i t y  of the t e c h n o l o g y  Path to bc
cicmonstratd  w a s  n o t  c o m p r o m i s e d  b y  t h i s

select ion.

‘1’](c flat o})tical elements  arc made by directly
}mlishing  thr silicon carbide substrates, since
incrcasd  la~t time was less a cost and schedule
issm for such a configuration. Reflective coatings
were a]so s~lcc~ssfll]ly  app]i~~  011 these Clcmcnts.

llcsl-fit  s}>hcrical  substrates were manufactured
f o r  the [JV channel toroicial  Cratings }Irior to
~Jolishing a t ‘1’insley,  grat ing Ic})licatioll at
American 1 lolo~ra~>l~ic,  and a}~~>lication of (Xl I
si I icon carbiclc by C;SI C.

7.3 Rcstllts

7.3.3 O}>tical trsts

1’nl~Yicolio/I  nmf msr])rld~y. I’hc I’ICS structure and
o}>tical ccm]mnents  for the visible channel were
fabricatml.  ‘1’he flats were Polishecl to 0.05 17isible
wave }wak-to-valley  ICVCIS of surface accuracy.
‘1’hc major contributors to system wave front
}wrforrnancc arc the }Jrimary  and s e c o n d a r y
mirrors. ‘1 ‘he former was ~mst diamond-t u] ning
~~c~]isllccl  to ().50 wa~7e }wak-to-valley at the
surface. ‘1’lw sccmclary  mirror achieved ().32 wave
~>crformancc. “1’he Primary  visible channel is
currently in integration and has bcm alignd to
1.60 waves }mak-to-valley  single }oass transmittal
wavefr~l~t  ~Wl the interfcro&ramS and digital data
rcduciicm shown in ]iigurc 5. 3’l~is full -a~mrturc
}Jcvformancc  is within a}~}~roximately  0.4 waves of
the levels  def ined by rr)ot-slllll-sqllarill$  the

l;i~ure 5. I’lC’S visible dmblc }Jass tral~smittd  wavcfront intcrferogram (Ief[)
and corrcqmnding  digital data rccluction.



contr ibut ions  f rom only  the  }>rimary  and
SCJCOI]CI ary mirrors. Over the central m% of the
almlilrc,  the }wrformance  is better than one wave
}wak-to-val]ey.  ‘l’his significant im}movemmt is
the result of the major error contribution cmnins
from roll-off seen on the ed~m of the ]~rimary
mirror .  ]ior future  iterations, a mom rigid
fixturin~ scheme at the mirror }wri~>hery dllrin~
the finishin?,  Process will allow imaging quality
}>crformance to f l i g h t  units. 3’}lc o]>tical
COIll~>[)ll(’Jlt S and structural elcmmts  for the
infrared channel a r c  c u r r e n t l y  i n  thr
l:mnufacturing  stage. 0~3tical  finishing is being
lwrformecl }Jrior to a]~}>lication  of r e f l e c t i v e
coatin~s.  ‘1’he U V grating is co:n}>letc  ancl the 11<
~ratill~ is now being polished prior to gratin~
rc}>lication  and CWll Sic a}q~lication.

Visible  it}lngcr. IJI its ~)resent configuration, the
I’IC$ }wototy}w has ml y one visible (Y3 I focal
}Jlane.  1 lcnce, t h e  Prototy}w  i s  s t r i c t l y  a
n~onochromc imaging instrument. ~’o obtain
color ima~cs sam}~lcs were illllminatecl
srqucntia]ly  w i t h  r e d ,  grecm,  and blue light.
“]’]]~  ]i~ht sollrcc  was  a  high-intensily  hal(~g{’11
lam~~,  with the light clirecfd through  color-
sc}>aration filters.

Since 1’1<’S is clesignecl for  remote  irnaginc,
a rcfrac[ivc  collimator was cm})loyecl to mable
the imaging of smal] sam}>les at a close clistancc.
‘1 ‘\4To rock sam}~]es (“lava” and “granite”) wmc
ima~d Ilnder vacuum conditions onto the visible

C“(’I ) focal  ~>lane. ‘Yhe sam]>lcs were illuminated
a s dcscribcd a b o v e and the  sequent ia l
monochrome image data were rccordd min~ the
I’lC.S instrument and an ancillary data system.
‘J’hescI ima~es are 860 by 400 Pixels in raw frn mat
(S-bit data). No flat-field or dark current images
were obtained. };U1l color i m a g e s  were
rcconstructcci  by adding  the individual color
images together. Although there are slight
IIlisrcgistlatiolls,  the image quality clcmcmsttatcs
that the instrument is ca}>ablc of ohtainins  high-
quality color images. “1 ‘Imse images arc ~wesc’ntecl
in l;i~urc 6.

l?l~rflrd illlfl<yi)lg spmlro)lleler.  ‘1’lw  11< IIcnch of the
1’lC’S instrument was tested as a unit at
78,3 Kelvin. ‘1’he II< lkmch consists of a Silicon
Carbide structure containing the entrance slit, the
]>rinlary mirror, the ~~lanar gratins  which acts as
the secondary, a field flattening clement and the
NIC”MOS-3  cictcctor. One quaclranl of the 256x256
clcmmt a r r a y  w a s used in t h e s e  t e s t s .
Mechanical rcali~nment of the s}wctromcte~ was
}~crformcd a t  r o o m  tem~terature  a n d  t h e
reassemble structure was }~lacd  in a 1(I inch
diameter test dcwar. ‘J’he clewar  was of a double
rcsrrvoir  construction with two light shiclcls, a
filter  w h e e l  and a Cal:z cmtrance w i n d o w .
1 lata was acquired through the I’lCS l>readl-mard
electronics and stord on a PC. 11’or  flat field
illumination the field-of-view was filled m’ith a
large S}wctralon ‘1’arget. Sam}~lc spectra were
rccorcled for two cases of illumination. ‘1’11[: first

l;ip,urc 6. Visible. channc.1  test rr.wits shmvillp, imag,es of “lava” (Ie.ft) and “gr;iai(c..  >’



(];iF,UIT 7a) shows the s}~cctrunl  from a Kry~mm
discharge lam}> in rcflcctim from the S]wctralon
‘1’arsct. s}~ectral  f e a t u r e s  a r e  clearly  \7isi131e  in

mult ip le  mders. ‘1 ‘h seemcl (I;igure  71>) show7s

the spectrum of thmnal  radiation from the 293 K
target, The spectrum is in first order, and clearly
shows  the  Clctc’c(or K’s}mlsc’  Profile Clltling off at
2.5 }[mders  due) to the bandga]~ of the NIIMOS-3
11~(’d’l’c }Jhotocliodes. “1 ‘o rc>corcl the next serj m
{-)f ~~lols, the exit silt of an Actorr  Monochrmmtw
w a s  imaged on to the slit of the PIG 11< Bmch
with an C’al;2 lens. Care was taken to limit the ray
bllndlm 10 tlw field of view. lkrta was acquird at
five wavelcmgths.  An cxanq>lc of an individual
line s}wctmm is show7n  (liigum 7c) as \\7ell as the
dispel<siOn fcrr the systcm (l:i~ure  7d). Me
rcs}~onsc seen in this figure shows that the
s]wctrolnctcr is linear in first order.
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1 ,UI’1 /off-axis }>arabola  collimator. ‘1’he in}>~lt
wavcfront  was  <0.25 waves ( l ’ - V ) .  “1’he I’IC%
instrulnmt  was mounted to an aluminum s~mt
cooler,  w h i c h  h a d  liquid nitrOgcm  cding lines

and MI NCXI stri}> heaters connected to a control-
fccdback loo}> tem}>erattlre  c o n t r o l l e r .
]Four tllcrmocou}~lc tcm]wrature  sensors were
a t t a c h e d  to the telesco}w at variotls  }msitions
along the SiC. structure and M-1 mounting P!ate.
IJivc co~o}wr cooling stra}~s connected the I)ICS
structure to the s}mt coo]cr to aici in heat f low.
‘1’o autoco]limatc the tclcsco~x wavefront back to
the interferometer, a single rctro-s~)hme  was hard
mountd to the telcsco]w with an ]nvar su}~}mrt
structure. ]iringcs were monitored with a (X3)
camera  ( a n d  m o n i t o r )  and ca~>tured  wii.h a
thm ~llal Printer  for analysis.

lnterfero~rams  were t a k e n  and analynd at
ambient  conditions, at 150K, and after a 24 hour
hold a t  150K. ‘1’hc di~itimcl  and analyzeci
inter  fcro~rams  showed  little  cllan~c  i n  t h e
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syslcm  wavefront  from ambient (1.9 I’-V, 0.3
I<MS) to 150K (1 .75 I’-V, 0.35 I<MS) to the end of
tllc 24 hour hold at 150K (1 .85 l)-V, 0.35 Rh4S).
]nicrfcrofirams were also taken at 2(N3K  and 165K
during the coolciown, and a]~~mximatdy evwy
25K during  the warn~u]~.  ‘1’hcse have been
.lnalyz.d,  and initial results indicate little or no
deviation from the Jwrfornlance  stated above.

lkncsi~l~t mcasurerrwnts  betwcm  the o}~tica]
systcm ray and a fixed reference mirror on the
front a]mlurc of the telesco}w (made with a Zeiss
tlmdoli{c)  show less than a 1 arc minute chan~c
from ambient to 1.5(IK conditions.

ltllqtwld r)ccltwics. ‘1’mts of the I’lCS detector
electronics have hen conducted and preliminary
results M’}mtcd. ‘]he noise performance of the
CC1 ) detectors has been measured at 16 electrons
R M S  using a breadboard version of the
electronics. l)wliminary  11< channel tests have
bmn done with the NICMOS-3  mt~lti~olexcr  only
(i.e., with no } l~Cl17’cI array) at 300 k}>ixcls/sec
and a t  a  tcm~wrattlre  of 78K. I’he n o i s e
}wrformancc is within s}wcificaticms.  Additional
tests of the 11< channel using the } l~(kll’c array
al c in }wo~,rws.
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];igurc 8. I’lCS ultraviolet s}mctrum.

a~>}>roach  Permittccl }>arallc]  icstin~ of t h e  U V
com}mnents  at the same time as the II< and visible
cmn}mnents.  I:UV and ];LJV li@t clerivd from an
clrctrical  discharge in a mixtllrc  of helium and
hydrogen gas mtmd a modified Scya-Namioka
lI~oI~c)cl~roI~lct[Ir,  which selectccl  tlw wavelength
of intmcst  and collimated the exit beam to the test
instrummt.  ‘1’he available s}wctrum consistd of a
mixture of the 1 lelium 584 A line, 1 ,yman lines
from atomic 1 lyclrogm,  and band emissions from
molcculat’  1 lyclrogm.

I~igurc 8 shows the rcs}xmc of the s}wctrogra}>h
to the mro-orclcr beam from the mcmochromdcr.
I’he s~wctral  clis~wrsion com~~tlted f r o m  t h e
known wavelengths of the 1,yman scvics lines
agrcm with the ex}wdd dis~vrsion.  ‘1’he slmtra]
res}mnsc falls off ra}>idly lmgward  of 1 lydro~en
] ,ylllall-[y,,  ~oecatlse tl~~ Mc~]) in the detector has no
}Ohotocathoc?c. in  the flight unit,  an o}wlquc
G] }Jhotocathode  will increase the res}xme  at the
]OJlg Wa\7C](’llgth  ~l~d O f  ~]lC’  s}~cctrllm.  “1’1~~’
s~wctrogra]oh  was not fully focusd for this test.
We also investigate the ima~ing }>cvformancc  of
the s}wctrogra}~h by rotating the instrument about
an axis Prr}wndicular to tlw UV beam.

We measurd tlw llt_JV-liUV reflectivity of the
~trimary  mirror at several wavelmgths  in the
range .584 ~ to 1350 ~. Most of the wavelengths
wcw  }>rccisely  known because they were dmivcd
f r o m  noble  gas  discharges .  ‘l”hc }~rofi]e  of
rcflcdivity  vs. wavelength has fymrally the same
shayw as thr }>latinutn reflectivity but is rm+ly
5f)% hi~hm. At most wavelengths, wc found only
mirlor variations in sensitivity with }msition on
the mirrm.

7.3.2 l’hcrnlal/optics tests

l’hc objcctivc of the thermal tests was to verify the
PICS t h e r m a l  design  in the IJ]uto t h e r m a l
environment. Specifically, the t e s t s  were
clwi~ned to: (a) clcmcmstratc  that the infrared
radiator maintains the 11< detector at 90 Kclvins,
(h) demonstrate that the visiblr  and ultraviolet
CC’1) detectors can be maintained within a
temperature range  of 140-160 Ke]vins,, and
(c) calibrate the I’lCS thermal model so that the
ros(llts of this tests can be used to e s t i m a t e
~wrformance in other thermal  [:ll~~irolllllf’llts.
‘1’hesc  tests  w e r e  ymformd  a t  JI’l J under
sim~llatd  thermal and vacuum conditions. All
test object ives were met.



optical tests W’erc dcmc in Ihe s a m e  vacl]{lm

chambers, but under  controlled conditions.
‘1’hc tests demonstrated that the 1’ICS o}ltics
}wrformd at {he diffraction limit across the full
ran~e o f  tcm}wratures  nlld duri)lg Icm;wrflfum
ltw)~sifio~~s.  Moreover, no focus com}~cnsation  will
bc necessary clue to thermal cx}>ansion effects.
A  ~mrticular]y  im]wessivc visual dcwmnstratiml
{)cctlrrd on warmin~  the 1)1 CIS ra~>iclly f r o m
{J}ocratjns tcm~m-attlrc to  room tcm}mature.
No change in the image quality was obscrvd
Ilntil the C.CI ) abru]>tly failed to cqmatc  at close
to room tcm}mrature.

7.3.3 Strl]ctclral/dy  ]~alllics  tests

The I’ICS tmt assembly was subjected to 21 tests
in order of increasing risk. I’esting began cm the
tcsl  assembly without  radiators and with a
v i b r a t i o n ]  }mwm  s~wctmm  clmsity  (1’S1))  of
0.1 G2/1 lY.. Vibrational orientation was with
rcs]wct to the y-z }~lane, Scqumtial]y,  radiators
were addd, vibrational orientation was changd
to have a com}mnent along the x -axis, and 1’S1 )
WaS jncrcascd to (3.2 G2/}lz. 3’lIc structural
intcsrity  of t h e  PICS t e s t  asscmb]y  w a s
m a i n t a i n e d  throughout  these  tests.  ‘J’his is
significant, bccamc  a 1%1} of 0.2G~/l IY, js ]ikcly to
be the worst }~ossib]c case for I )elta-11 7920/7925
class vehicle. Se]3arate  tests were Performed on
blllk sam}>lm of SiC material, sam}>les  of SiC’ that
~7(.~~ “note-hd”  and “buttcmd” as with real
structural clcmcmts.  No failures were obsmd.

8. OTI 11;1{  Al’]’]  lCAI’IONS  OF I’lC%

The instrument described in this ]Ja}wr has l-mm
cicvclo}~ccl s~>ccifical]y  in rcs}~onse to a n
announcement of cy}mrtunity  to be isstlecl by the
l’]uto Fast l;lyby mission. It should, however, be
clear to the rcacler  that the utility of the I’IC%
instrument extends to a wide ran~c of mission
ty}ws.  ‘1’his is cs}wcially true for the foreseeable
filturc for NASA missions, since there is a clear
cm~~hasis on the utility of missims of low-mass
low-]>owm,  low-cost, and short devdo~>nwnt
time, for cxam})lc,  as in the recently anncmllcecl
NASA I Xscovcry l’rogram.

‘J’hc low electrical ~mwer requird by 1’IC$ may
make it m}wcially suited for future missions to
the objects in the outer Solar System.  ‘1’hcsc
members of the Sun’s family arc tllrcatemcl with
isolation in view of the ~mssiblc exclusion (cm the
grounds of C’x})ense and Programmatic
cmn~olicaticm) of nuclear tcchno]ogics from use in
S}-lace. “1’he  availability of I’lCYJ and other low
]~owcr,  low-mass, low-cost technologies may
mablc  outer }O]anet  missjon.
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